Abstract-Crosstalk between multiple services transmitting through the same telephone cable is the primary limitation to digital subscriber line services. From a spectrum management point of view, it is important to have an accurate map of all the services that generate crosstalk into a given pair. If crosstalk is measured via modem-based methods, i.e., while a digital subscriber line (DSL) system is running, what is measured is the crosstalk in the bandwidth of the considered DSL system. For this reason, DSL services running on adjacent pairs may not be detected if their bandwidth is not significantly overlapping with the bandwidth of the disturbed system. This is a major drawback of modem-based system identification techniques since, from a spectrum management point of view, it is important to be able to identify all crosstalkers. In the present paper, we address the important problem of crosstalk identification when the pair under test does not bear DSL services, i.e., via a non modem-based approach. Crosstalk sources are identified in the frequency domain by finding the maximum correlation with a "basis set" of representative measured crosstalk couplings. The effectiveness of the proposed technique is also verified on the basis of real crosstalk measurements performed on actual cables. Finally, new techniques based on multiple regression and best basis selection are also discussed.
I. INTRODUCTION

D
IGITAL subscriber line (DSL) technology exploits the existing, ubiquitous copper telephone loop plant to provide Mb/s high-speed Internet access and other digital services. For each subscriber, telephone and DSL signals travel on a single twisted pair from a central office (CO) to the subscriber. Many, sometimes thousands, of twisted pairs are bundled together in a single cable. The twisting of the pairs keeps the average amount of electromagnetic coupling between the balanced circuits on each pair to a low level, resulting in low crosstalk coupling between circuits. Twisted-pair cabling was invented by Alexander Graham Bell, and, other than the telephone itself, was probably his greatest invention, in that it allows service to all locations without using the prohibitive amount of space that open wire would have required.
Telephone loops were designed and built to carry voice services, with only a very low probability of perceptible crosstalk at voice frequencies, up to a few kilohertz. Crosstalk generally increases with increasing frequency [1] , and since DSL frequencies extend into the Megahertz region, crosstalk becomes the major limitation to high-speed DSL transmission. A number of individual twisted pairs are wrapped together in a binder, and a number of binders make up each telephone cable. There are typically 12, 13, 25, 50, or 100 pairs in a binder, and the crosstalk between pairs in the same binder is much higher than it is between pairs in different binders. DSL technology is still fairly new. The current approach is to treat each signal on each twisted pair entirely separately, and to assume that crosstalk is simply additive Gaussian noise of which nothing is known. With this approach, subscribers can enjoy relatively high-speed service, far faster than voiceband modems, up to multiple Mb/s. This is the current static approach to DSL spectrum management [2] , which is a fixed set of engineering rules to ensure that crosstalk is not overly harmful. However, as time progresses it is expected that there will be many more DSL users, and that they will demand higher speed service. This will result in more crosstalk, and higher bandwidth services that are more vulnerable to crosstalk.
Telephone cabling can be thought of as a multi-input, multioutput interference channel with crosstalk between 12 to 100 channels [1] , although there are typically a smaller number of high-power crosstalkers into a given pair (see Fig. 1 ). The idea of treating a telephone cable as a multiuser channel is not new, and some very good theoretical work in this area has been performed in past years [3] . However, the subject has only recently become practical, and interest is now increasing [4] , [5] . Multiuser techniques for wireless systems have been finely honed to improve wireless capacity, and it is now time to apply these techniques to improve wireline services.
Unlike mobile wireless, the twisted-pair multiuser channel is generally time invariant. Crosstalk couplings may vary as the temperature of the cable changes, but only very slightly. The crosstalk sources may turn on and off, but not very often since the main application is "always on" Internet access. Time invariance allows the possibility of very accurate estimates of crosstalk coupling using large sample sizes. If communications links to all modems were available, a knowledge of joint statistics and of all the transmitted data could be used to estimate the crosstalk couplings. Received crosstalk could even be measured by temporarily connecting measurement equipment to a single pair, and crosstalk couplings could be measured by connecting measurement equipment to multiple pairs. The accuracy of estimates depends strongly on which elements of the multi-pair cable may be accessed, for example crosstalk couplings can be estimated accurately by accessing data from both transmitters and receivers. Moreover, there are many vagaries in the telephone outside plant, e.g., some older cables have poor crosstalk performance. Unanticipated problems from crosstalk are likely to occur and may be extremely difficult to diagnose.
A thorny issue is gaining access to all the loops, or modem data, of different service providers who are sharing a cable in today's unbundled loop plant. An operations center that could gain access to crosstalk statistics would be capable of diagnosing crosstalk problems. Solutions such as power back-off could even be implemented at the operations center, and these processes could be automated. While knowledge of crosstalk parameters can be useful on its own for spectrum management and maintenance purposes, it could also be used to enhance modem performance via crosstalk cancellation techniques.
This paper focuses on a particular technique for crosstalk identification in the frequency domain. This technique is relatively easy to implement because it only requires an individual receiver to estimate which varieties of DSL are generating crosstalk. In particular, it is here proposed for the first time to define a set of canonical crosstalk power spectral densities (PSD), i.e., a set of predefined PSDs that may be viewed as a crosstalk "basis set." The underlying assumption is that a member of this basis crosstalk set is highly correlated with any crosstalk that is significantly strong enough to be troublesome or measurable. Given the availability of this canonical set, identification of a single disturber is achieved by computing the correlation coefficients between the basis set and the measured crosstalk PSD. This technique is then extended to the case of multiple disturbers by using spectral subtraction methods. Finally, two novel approaches to the problem of identification of multiple disturbers are also proposed. These two approaches consist of solving a multiple regression problem or a best-basis selection problem with sparse solution.
The paper is organized as follows. Section II reviews the major issues concerning crosstalk and its identification. The proposed identification algorithm is described in Section III, and is extended to the case of multiple crosstalkers by a process of successive estimation and cancellation using spectral subtraction techniques. Experimental and simulation results are given in Section IV. Possible improvements for the multiple disturber case that are currently under investigation are also discussed in Section V. Final remarks are made in Section VI.
II. CROSSTALK CHARACTERIZATION
There are two types of crosstalk: near-end crosstalk (NEXT) and far-end crosstalk (FEXT). NEXT is more powerful than FEXT, particularly below about 1 MHz where many DSLs use overlapping spectra. This paper addresses the identification of DSL disturbers that generate NEXT. If there is one crosstalker, then the crosstalk PSD is the product of a PSD transmitted on a nearby pair times the crosstalk coupling function. With multiple crosstalkers, the crosstalk PSD is the linear sum of each component.
Traditionally, the telecommunications industry has characterized crosstalk in terms of power sums. For a given pair in a binder group, the power-sum NEXT is formed from the sum of the pair-to-pair NEXT coupling powers of the other pairs in the binder group to this given pair. For a typical 25-pair binder group in a 1000-ft long PIC cable, the 25 power sums are shown in Fig. 2 . Two things should be noted here. The first is that the power sum is usually displayed as a power sum "loss", and the lower the loss the higher the NEXT coupling. The second is that the NEXT power-sum loss is approximately linear with frequency on the log-log scale. The NEXT model often used for studies in industry forums is stated as expected 1% worst case power sum crosstalk loss as a function of frequency. This means that on average, 1% of the pairs tested are subjected to power-sum crosstalk loss worse (less) than that assumed by the model at the given frequency. Such a model is a smooth curve versus frequency, in which the loss decreases at about 15 dB per decade of frequency. The statistical model ensures that the 1% worst case NEXT power sum level follows the curve over frequency, but this noise level may appear on different pairs at different frequencies. The 24-disturber NEXT power level for one specific pair is not a smooth curve at all, if plotted over frequency, and the deviation from the statistical model increases as the number of interferers used in the power sum is reduced. The power-sum loss for less than a full binder group depends on the distribution of the pairs on which the crosstalking signal appears.
In general, NEXT has no explicit dependence on cable coupling length. However, it has been shown theoretically that there is a coupling length effect for short lengths [6] , [7] . The difference in NEXT loss between the T1E1 Standard model (length of 18 000 feet) and a modified one corrected for a shorter loop of length is given by , where is the voltage transfer function for a loop of length . For the measurement results on cable length of feet given in this paper, this factor is less than 0.5 dB for 26-AWG cable and 0.8 dB for 24-AWG cable for frequencies greater than 100 kHz, as shown in Fig. 3 . Without loss of generality, the NEXT measurement results given here are assumed to be accurate for all cable lengths greater than 1000 ft.
Of most interest to the work presented here are the individual pair-to-pair NEXT couplings. For a 25-pair binder group, there are 300 distinct pair-to-pair couplings (assuming reciprocity). Examples of actual pair-to-pair NEXT couplings are given in Fig. 4 . It should be noted that there is wide variation of coupling strength for each pair-to-pair combination with frequency. The power summing process smoothes and averages some of this variation.
III. CROSSTALK IDENTIFICATION IN THE FREQUENCY DOMAIN
If crosstalk is measured while a DSL system is running, what is measured or estimated is the crosstalk in the bandwidth of the considered DSL system. For this reason, other DSL services running on adjacent pairs may not be detected if their bandwidth is not significantly overlapping with the bandwidth of the disturbed system. A typical example would be ISDN crosstalk into nonoverlapped downstream ADSL. If this is the case, there is no performance degradation for the considered DSL service but, from a spectrum management point of view, it may be important to have an accurate map of all the services that generate crosstalk into a given pair. Moreover, it is also important to identify the services that are generating crosstalk on a pair that may not even be carrying DSL services. It is worth pointing out that an accurate map of all the services that generate crosstalk into a given pair is an impossible goal to achieve via modem-based methods of system identification if the considered pair is not in use. The only way to achieve such a complete description of the crosstalkers regardless of the availability of a sequence of observations, is to perform a preliminary PSD measurement, e.g., via a spectrum analyzer or a selective voltage meter.
A novel method is here proposed for crosstalk identification in the frequency domain by computation of the correlation coefficients between the measured spectrum and a set of predefined PSDs, the crosstalk "basis set." The correlation coefficient between two data arrays and with standard deviations and and means and , is defined as (1) where and . The correlation coefficient is a measure of how well the two data sets move together (positive values) or move apart from one another (negative values).
For our purposes, the data array is the measured crosstalk PSD caused by the unknown DSL disturber. The data array is a reference or basis crosstalk PSD profile caused by a known DSL disturber. Each basis set of crosstalk PSDs is generated from a single canonical set of measured strong pair-to-pair crosstalk couplings and a specific type of transmitted DSL PSD. That is, each type of transmitted DSL PSD is multiplied by all of the canonical crosstalk couplings to generate a basis set for that DSL. Increasing the number of members in the canonical set increases the accuracy of the identification algorithm. The chosen size for the canonical set is a tradeoff between accuracy and computational complexity. Excellent results using a 100-member canonical set have been obtained and are reported in Section IV. Initially as a means of clarifying the technique, we consider the canonical set shown in Fig. 5 , comprised of the fourteen out of 300 possible pair-to-pair NEXT couplings (in a 25-pair binder group) with the smallest crosstalk loss sum. The crosstalk loss sum is obtained by dB summing over 401 equally spaced frequency samples in the 10 kHz-2 MHz band. The basis set of NEXT PSDs for a T1 disturber is shown in Fig. 6 . This is obtained by multiplying the 14 coupling functions of Fig. 5 by the T1 PSD as defined in [2] . Similarly, basis sets for ISDN, HDSL, ADSL, 2B1Q SDSL, and HDSL2 can be obtained.
The definition of a canonical crosstalk basis applies to NEXT only. When FEXT is considered, coupling length becomes of significance and may completely jeopardize the capability of defining a canonical set valid for every length. For this reason, we limit our technique to the identification of NEXT, whereas the case of FEXT still requires further study. In order to describe the proposed technique, we show examples for the single disturber case first, and then extend the technique to the case of multiple disturbers.
A. Single Disturber Case
For the case of a single disturber, the measured crosstalk PSD is statistically correlated as described in the last subsection with each of the basis PSDs, and the type of crosstalker that has the highest correlation coefficient is identified as the disturbing service. In the examples here, most common DSL types are considered: ISDN basic rate interface (BRI), HDSL, T1, ADSL, 400-kb/s SDSL, 1040-kb/s SDSL, 1552-kb/s SDSL, and HDSL2. All transmit system PSDs are defined in the Spectrum Management Standard, T1.417 [2] . ADSL and HDSL2 have different PSDs upstream and downstream.
An unknown measured disturber's NEXT PSD is shown in Fig. 7 . The correlation coefficients obtained considering each member of each DSL crosstalk basis set is given in Table I . The DSL with the highest correlation and, thus, the identity of this unknown disturber is correctly identified as downstream ADSL.
It is worth pointing out that the highest correlation coefficient also selects a specific pair coupling member of the basis set (for example, coupling #13 in Table I ). This selected basis coupling can be viewed as the pair-to-pair coupling that is "closest" to the actual one.
Additional simulations are shown in Section IV for a much larger data set of measured crosstalk couplings, and it has been found that the DSL type of a single disturber is identified correctly in almost all cases. Interestingly, the proposed solution can be shown to be equivalent to the solution of a problem of linear regression (see Section V-A).
B. Mixed Crosstalk Case
The case of mixed crosstalk arises when at least two different services are present in a binder [8] . If the measured crosstalk PSD consists of the contribution of different kinds of disturbers, the identification algorithm proposed in Section III-A is not able to identify the whole set of crosstalkers all at once but will identify the strongest interferer only.
In order to overcome this limitation, we propose a frequency-domain onion peeling technique based on spectral subtraction methods [9] , [10] . Spectral subtraction is a method that was originally proposed in speech and music processing for the restoration of the power spectrum of a signal observed in additive noise through subtraction of an estimate of the average noise spectrum from the noisy signal spectrum.
The crosstalk received on a single pair can be expressed as follows (2) where noisy observation; received message signal; additive background noise; signal transmitted on pair ; time-domain crosstalk coupling function between pair and the considered pair, respectively. To simplify further, define each crosstalk component as so that the composite received crosstalk is . Now, ignoring the background noise and transforming to the frequency domain, . In its original formulation, power spectrum subtraction is defined as the following (3) where estimate of the signal PSD; instantaneous PSD of the noisy observation; time-averaged noise spectra. The basic assumption is that the noise is a slowly varying process so that averaging would not smear the noise spectrum.
Let be a composite crosstalk constituted of two crosstalk terms pertaining to two different DSL systems. Assume that the identification algorithm proposed in Section III-A is able to identify the strongest disturber that generated crosstalk and, therefore, that it is possible to obtain an estimate, , of its PSD. Basically, the composite crosstalk can be viewed as a noisy observation of the useful signal embedded in the noise . Since the output of the crosstalk identification algorithm of Section III-A is a true PSD obtained on the basis of a PSD mask and an estimated pair-to-pair coupling function, there is no need to perform an averaging operation on the estimated PSD of the strongest crosstalker (noise)
. Moreover, the instantaneous PSD of the noisy observation (necessary in the original formulation of the problem because of the nonstationary nature of speech and music signals) can be replaced in our case by the measured PSD . Therefore, the power spectrum subtraction for crosstalk identification can be defined as the following (4) The residual PSD so obtained is then fed to the crosstalk identification algorithm that is now able to unveil the nature of the second disturber and estimate its PSD . Due to the great variations in the pair-to-pair coupling functions, spectral subtraction can result in negative estimates of the power spectrum. Power spectra are nonnegative functions of frequency, and any negative estimate of these variables should be mapped into a nonnegative value. To avoid negative estimates, the power spectrum is post processed using a mapping function of the form if otherwise
For example, in our analysis, we found that good values of ranged from 0.0 to 0.1. The simplest choice for the function is noise floor dBm/Hz. Another possible choice could be . A flow chart for implementing the crosstalk identification algorithm is given in Fig. 8 . It has been found by simulations that the overall accuracy is enhanced by retaining and using identified crosstalkers only if the maximum crosstalk correlation is greater than a certain threshold, as shown in Fig. 8 . An example of the technique follows.
Consider the measured mixed crosstalk given in Fig. 9 that happens to be a mixture of crosstalk from SDSL @1040 kb/s and HDSL. The crosstalk identification algorithm yields the results given in Table II . The identification routine first identifies the strongest disturber as SDSL @1040 kb/s. On the next iteration, it identifies HDSL as the second strongest disturber. Finally, on the third iteration, the maximum correlation of the remainder NEXT is less than 0.90, the set threshold. Additional simulations are shown in Section IV for a much larger data set of measured crosstalk couplings, indicating that the DSL types for the mixed case of two disturbers are identified in majority of cases.
The use of spectral subtraction in its basic form (3), (4) may cause deterioration in the quality and the information content of the residual crosstalk PSD. In the literature, there are a number of variants of spectral subtraction that aim to provide consistent performance improvement across a range of signal-to-noise ratios (SNRs) [10] .
1) Relationship Between Spectral Subtraction and Wiener Filtering:
The spectral subtraction equation can be expressed as the product of the noisy signal spectrum and the frequency response of a spectral subtraction filter as (6) where the frequency response of the spectral subtraction filter is defined as: (7) The spectral subtraction filter is a zero-phase filter, with its magnitude response in the range . The filter acts as an SNR-dependent attenuator. The attenuation at each frequency increases with decreasing SNR, and conversely decreases with increasing SNR.
The least mean squared error linear filter for noise removal is the Wiener filter. The implementation of the Wiener filter requires the power spectra (or, equivalently, the correlation functions) of the signal and the noise process. The Wiener filter is based on ensemble average spectra of the signal and the noise, and the averaging operations are taken across the ensemble of different realizations of the signal and noise processes. On the other hand, the spectral subtraction filter uses instantaneous spectra of the noisy observation and the time averaged spectra of the noise. This is necessary since in spectral subtraction only one realization of the noise process is available.
The main attraction of spectral subtraction is its relative simplicity since it only requires an estimate of the noise power spectrum. On the other hand, this is also a fundamental limitation since it does not utilize the statistics of the signal process and so it may use too little a priori information. However, for an ergodic process, the time-averaged spectrum approaches the ensemble averaged spectrum, so that the spectral subtraction filter asymptotically approaches the Wiener filter. This property does not hold when processing speech and music signals since they are intrinsically nonstationary (and, therefore, nonergodic). However, when spectral subtraction is applied to the present case of crosstalk identification, the quantities involved are true PSDs and not instantaneous or time-averaged ones. Therefore, the implementation of spectral subtraction may be viewed as a sort of optimal Wiener filtering. The major limitation we have encountered is the nonlinear processing distortion due to the necessity of mapping negative values into nonnegative values. This distortion increases at every iteration when (5) is implemented and limits the accuracy of the algorithm to the identification of up to a small number of different crosstalker types. Novel approaches that by-pass this drawback are discussed in Section V.
IV. EXPERIMENTAL AND SIMULATION RESULTS
The simulation results presented here quantify the accuracy of the crosstalk identification algorithm for both the cases of one and two crosstalk disturbers. A large number of measured crosstalk couplings is used to create statistically valid results.
A set of 1200 different pair-to-pair NEXT coupling PSDs measured on four different cables was used. PSDs have equally spaced points from 10 kHz to 2 MHz. The number of vectors in the canonical set of measured NEXT couplings is varied from 10 to 320. The canonical couplings are those with the highest overall pair-to-pair couplings when power is summed across all frequencies (lowest loss). As mentioned previously, there are eight different crosstalk types considered: ISDN, HDSL, T1, downstream ADSL, 400 kb/s SDSL, 1040 kb/s SDSL, 1552 kb/s SDSL, and downstream HDSL2. The downstream signals create NEXT at the CO. Each type of transmitted PSD is multiplied by all of the canonical NEXT couplings to generate a basis set for that type of crosstalk.
Crosstalk PSD is generated by multiplying one of the eight transmit PSDs by a measured crosstalk coupling. The resulting PSD is then floored to a maximum measurement resolution equaling 143 dBm/Hz and then AWGN with power 143 dBm per Hz is added to each of the 401 PSD frequency points. This results in a "measured crosstalk PSD" with a noise floor of 140 dBm/Hz. The "measured crosstalk PSD" is then correlated with all the basis PSDs and the highest correlation identifies the transmit crosstalker type, as previously described.
For the single disturber case, each run uses a number of NEXT couplings to generate each of the eight types of crosstalk PSDs, and for each of these eight types the correlation is performed with basis vectors to identify the type of transmitted crosstalk, and statistics of the accuracy of the identifications are retained.
For the two disturber case, identification is performed as described in Section III-B. The first crosstalker's NEXT PSD is estimated, and subtracted from the measured composite NEXT PSD. If the resultant is below the noise floor of 143 dBm/Hz then it is set equal to 143 dBm/Hz before the second crosstalker is identified.
Some crosstalk has such low power that it may not matter if it is identified properly. For this reason, it is important to express the accuracy of identification taking into account the strength of the crosstalk to be identified. Therefore, the performance of the proposed algorithm is expressed in terms of "percentage of misidentifications" versus "percentage of highest power couplings tested." These quantities are explained in detail in the following.
The crosstalk coupling data was ranked from highest to lowest power (lowest to highest loss), where the power is summed across all frequencies. The number of couplings that are used to generate measured crosstalk are those with the Fig. 10 . Overall error rate of the crosstalk identification algorithm with one disturber. Fig. 11 . Error rate of the crosstalk identification algorithm with one disturber excluding identifying a nearest 2B1Q bit rate and confusing T1 with ADSL.
highest power, and this number is varied. The "percentage of highest power couplings tested" is the percentage of couplings used to generate crosstalk divided by 1200. For example, if we limit our analysis to the identification of "measured crosstalk PSD" generated using only the 120 highest power crosstalk couplings, then the "percentage of highest power couplings tested" is equal to %. The "percentage of misidentifications" is calculated as follows. For each considered crosstalk coupling, eight disturber types are used to generate "measured crosstalk PSDs." Using the numbers of the previous example, "measured crosstalk PSDs" are generated and identification is attempted for these 960 cases. If 48 of these are identified in error, then the percentage of misidentifications is %.
A. Identification Accuracy-Single Crosstalk Disturber
Overall results, counting every possible error as a misidentification, are in Fig. 10 . On the other hand, Fig. 11 shows the misidentification rate considering only the worst error types. In the generation of Fig. 11 , we have excluded errors that confuse T1 with downstream ADSL, or that identify a 2B1Q system as being 2B1Q but as transmitting a nearest bit rate: ISDN-400 kb/s SDSL, 400 kb/s SDSL-HDSL, HDSL-1040 kb/s SDSL, or 1040 kb/s SDSL-1552 kb/s SDSL. As these figures confirm, increasing the number of canonical couplings results in lower percentages of misidentifications. Figs. 10 and 11 also show that the accuracy of the proposed identification algorithm decreases as the crosstalk power decreases. This should not be considered a major limitation since low power crosstalk is not harmful. Therefore, it is not necessary to correctly predict disturbers with low NEXT power because they will not impact the performance of other services. For this reason, we also include the results of another calculation that take into consideration only single disturber crosstalk powers which are greater or equal to the 49th disturber power as determined from the T1E1 1% NEXT model given in the Spectrum Management Standard [2] . For a 25-pair binder of a 24-AWG PIC cable, the results for different DSL disturbers meeting the criterion of exceeding the power given by the 49th disturber, are shown in Table III . An overall accuracy of 99% is obtained in identifying single disturbers. It is worth pointing out that the 49th disturber power as determined from the T1E1 1% NEXT model varies from one DSL type to another.
B. Identification Accuracy-Multiple Disturbers
Simulations in this subsection quantify the accuracy of the algorithm for identifying multiple different types of crosstalk disturbers. All parameters are the same as the last subsection for a single crosstalker, except that there are now two different crosstalk types, each with different pair-to-pair NEXT coupling. For each of the distinct pairs of DSL PSD types, 35 different pairs of NEXT couplings are chosen at random from the set of highest power couplings tested. So, each percent of misidentification is now calculated over samples. The two crosstalkers are power-summed and additive white Gaussian noise (AWGN) is added.
Results are shown in Figs. 12 and 13, and show modest accuracy for the successive identification of two different crosstalker types.
V. ALTERNATIVE APPROACHES TO THE PROBLEM
In the present section, two other approaches to the problem of multiple disturber identification that are currently being investigated by the Authors are described. These approaches represent a first attempt to enhance the identification accuracy, thus by-passing the nonlinear distortion problems due to the spectral subtraction technique proposed in Section III-B.
A. Linear and Nonlinear Multiple Regression Approach
Following the notation introduced in Section III, let be the set of frequency samples of the measured crosstalk PSD caused by un unknown DSL disturber. Similarly, let be the set of frequency samples of the basis crosstalk PSD profile caused by a known disturber. Let be the number of all the basis crosstalk PSD profiles, so that the set of frequency samples of the -th basis crosstalk PSD profile is , where . The problem is to find the single disturber that generates crosstalk given the set of all the crosstalk PSD profiles , i.e., to determine the relationship between the two variables and . This is a classical statistical problem that is solved with linear (or nonlinear) regression. In particular, the linear regression model is (8) where the regression coefficients and are determined by the condition that the sum of the squared residuals is minimum. The fitting of the regression coefficients is done over the frequency samples. In so doing, residuals are obtained and the DSL with the lowest is identified as the disturber.
It is easy to show that the sum of squared residuals can be expressed in terms of the correlation coefficient in (1). In fact, plugging into the expression of the optimal regression coefficients, we obtain after some manipulation (9) Now, since the term is constant, the search for the minimum sum of squared residuals is equivalent to the search of the highest correlation coefficient , i.e., the method described in Section 3.1 for the single disturber case is equivalent to solving a single linear regression problem.
This interesting result justifies the possibility of addressing the problem of identification of multiple disturbers as a multiple regression problem. In fact, the linear multiple regression model is (10) where is the hypothesized number of disturbing DSL types. Standard techniques are available to solve this problem and, obviously, nonlinear curve fitting techniques may also be considered.
B. Matching Pursuit Approach
Let us rewrite (10) with , i.e., considering all the PSD profiles of the basis, and by posing (11) Passing to a vector notation, we can write (12) where vector containing the measured crosstalk PSD from unknown disturbers across all frequencies; full rank matrix containing all the PSD profiles; is the vector containing the weighting coefficients; is the vector containing the residuals over all the frequency points, respectively. In the majority of the cases of practical interest for crosstalk identification, we have that . For example, in Section IV, we have considered cases for which and ranges between 80 and 2 560 (obviously, higher values of yield lower misidentification rates). Since , matrix constitutes an overcomplete set of vectors for . Moreover, in practice, only up to around 10 crosstalkers can be considered measurable (or harmful) within a binder. Therefore, among the weighting coefficients , only few should be expected to be nonzero.
On the basis of the previous considerations, the problem of identification of multiple crosstalkers can be considered equivalent to the problem of finding an optimal sparse representation of a vector from an overcomplete set of vectors. Unfortunately, it has been recently shown [11] that the optimal solution to this problem is an NP-complete problem and requires a combinatorial search of prohibitive cost. Thus, more practical but suboptimal vector selection algorithms have been developed. Among these algorithms, those suitable for the problem of multiple crosstalker identification and which are currently being investigated are the matching pursuit (MP) algorithm [11] and its variations [12] , [13] , and the FOCal undetermined system solver (FOCUSS) [14] . Given a signal vector and an overcomplete basis , these algorithms solve the problem of finding the most compact representation of within a given tolerance using the basis vectors in the dictionary .
VI. CONCLUSION
This paper presents a novel method of identifying the types of DSL generating crosstalk in the frequency domain. This method can be applied independently to any line to identify crosstalk for spectrum management purposes without requiring that the line under examination be in service. The problem is addressed by introducing the notion of a crosstalk "basis set." The identification method proposed consists in computing the correlation coefficients between the measured crosstalk PSD and the set of predefined PSDs that constitute the basis set. It has also been shown that this method is equivalent to solving a linear regression problem. The proposed method is extended in order to achieve identification of multiple disturbers via spectral subtraction techniques. The method has been found to be very accurate in identifying a single crosstalk disturber type and moderately accurate for the case of multiple crosstalkers.
The lower accuracy exhibited by the algorithm for the case of multiple disturbers is principally due to distortion effects introduced by the operation of spectral subtraction. In order to overcome this effect, two other approaches to the problem of identification of multiple disturbers have also been proposed. These two approaches consist in solving a multiple regression problem or a best-basis selection problem with sparse solution.
